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Background
Histone deacetylases (HDACs) have been implicated as playing important roles in the regulation of chromatin remodeling by histone deacetylation, and their expression is induced in many cancers. In addition, they are known to be associated with resistance to anticancer drugs. However, the relevance of HDAC4 in chemoresistance remains unclear.
Methods
This work was investigated the relationship between alteration of HDAC4 expression and resistance to anticancer drugs (cisplatin, gemcitabine, paclitaxel and 5-FU) in breast cancer cells, MDA-MB-231 and MCF-7. Differentially expressed genes and downregulated signaling pathway via HDAC4 overexpression using a microarray approach were identified. We also analyzed HDAC4 overexpression-mediated H3 acetylation state of SMAD4 promoter and induction of chemoresistance by SMAD4 knockdown.
Results
We found that more increased HDAC4 expression in metastatic MDA-MB-231 than in non-metastatic MCF-7 cells was associated with resistance to the anticancer drug 5-fluorouracil (5-FU). To verify these results, a cell line stably overexpressing HDAC4 was generated using MCF-7 cells (HDAC4OE). The cell line displayed increased 5-FU resistance, whereas HDAC4 knockdown in HDAC4OE cells restored 5-FU sensitivity. Further investigation using a microarray approach revealed that 355 genes were differentially expressed following HDAC4 overexpression. Based on functional annotation of the array results, HDAC4 overexpression was found to downregulate genes related to the TGFβ signaling pathway, including SMAD4, SMAD6, BMP6, ID1, and TGFβ2. We also found that HDAC4 expression regulates SMAD4 expression by inducing deacetylation of histone H3 in the SMAD4 promoter region. In addition, SMAD4 knockdown in MCF-7 cells increased 5-FU resistance.
Conclusions
We provide evidence supporting the relevance of HDAC4 expression for 5-FU resistance in breast cancer as well as the molecular basis for HDAC4-mediated gene regulation. We also suggest that HDAC4-mediated deacetylation of the SMAD4 promoter may lead to 5-FU resistance in breast cancer cells.
Keywords: HDAC4, SMAD4, 5-fluorouracil, Chemoresistance, Breast cancer cells.
4
Background
Many cancers develop as a result of dysregulated gene expression derived from epigenetic modifications such as methylation or acetylation [1, 2] . In particular, DNA-bound core histones regulate gene activation and inactivation via the opposing activities of histone acetyltransferase (HAT) and histone deacetylase (HDAC) enzymes.
HDACs play crucial roles in epigenetic modulation by deacetylating histone and non-histone substrates that are involved in processes critical for both normal development and cancer [3] . HDACs have been classified into four classes based on structural homologies between humans and yeast.
Class I HDACs are ubiquitously expressed in the nuclei of all cells [4] , whereas HDACs 4, 5, 7, and 9, which are members of Class II, are shuttled between the nucleus and the cytoplasm and are specifically expressed in heart tissue, bone, the nervous system, and skeletal muscle [5] . In many cancers, aberrant expression of HDAC family members has been proposed as a hallmark of multiple tumorigenic processes, including proliferation, apoptosis, angiogenesis, and metastasis [6] . Moreover, many researchers have suggested that HDACs are associated with chemotherapy resistance in several types of cancer [7] [8] [9] [10] [11] . Chemoresistance to effective treatments for many tumor types presents a major obstacle, leading many researchers to study the use of molecularly targeted therapies as a new class of chemotherapeutic agents. HDAC inhibitors, which target HDAC proteins, have a wide range of effects, including cell cycle arrest, apoptosis, anti-angiogenic effects, and autophagy, and are utilized clinically as chemotherapeutic agents in several cancers [5] .
We previously reported that HDACs expression in metastatic and non-metastatic breast cancer cells differs and that high HDACs expression levels, with the exception of HDAC4, are associated with invasiveness, which is of concern due to the role in invasion of cancer metastasis [12] . Furthermore, Stronach et al. recently demonstrated that HDAC4 may be a therapeutic target for platinum resistance in ovarian cancer [13] .
SMAD family member 4 (SMAD4) has also been reported to be a gene that promotes 5-FU resistance in colon cancer [14] . SMAD4 is known to be a mediator of the transforming growth factor (TGF) β signaling pathway and has been shown to act as a suppressor of tumor progression as well as decrease tumor growth by inducing apoptosis. SMAD4 inactivation by genetic abnormalities, including deletion or mutation, has been identified in many types of cancer, including colorectal, pancreatic, breast, ovarian, lung, and gastric cancers [15] [16] [17] [18] [19] . Furthermore, reduction of SMAD4 expression by methylation of the SMAD4 promoter has been correlated with advanced prostate cancer [20] .
However, the correlation between HDAC4 and SMAD4 has not been elucidated.
In the present study, we investigated the correlation between high HDAC4 expression and chemoresistance as well as the molecular targets that are associated with HDAC4 overexpressioninduced chemoresistance in breast cancer. Based on these results, we suggest that SMAD4 in the TGFβ signaling pathway is regulated by HDAC4 and is associated with 5-FU resistance in breast cancer cells. To obtain stable expression of the HDAC4 protein, MCF-7 cells were transfected with Lipofectamine 2000 (Invitrogen, NY, USA) using a human HDAC4 full-length cDNA vector constructed in a pcDNA3-EGFP plasmid (Addgene, MA, USA) carrying the neomycin resistance gene. Transfected clones were cultured in selective media supplemented with 600 µg/ml of G418 (Sigma-Aldrich Co., MO, USA).
Methods
Transient transfection was performed using Lipofectamine 2000 (Invitrogen) in order to overexpress hHDAC4, and the Lipofectamine RNAiMAX reagent (Invitrogen) was used to knockdown hHDAC4 and hSMAD4 expression according to the manufacturer's recommended protocol.
Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted using a Nucleospin RNAII kit (Macherey-Nagel, Düren, Germany), and cDNAs were synthesized using MMLV reverse transcriptase (Promega, WI, USA). qRT-PCR reactions were carried out in triplicate using iQ TM SYBR Green Supermix and a CFX96 qPCR machine (BioRad, CA, USA). The primers used to detect HDAC4, SMAD4, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were as follows: HDAC4 forward: 5′-agcgtgagcaagatcctc -3′, and reverse: 5′-gccaagtactcagcgtctcc -3′; SMAD4 forward: 5′-cccaggatcagtaggtggaa -3′, and reverse:
5′-cccagcctttcacaaaactc -3′; and GAPDH forward: 5′-acagtcagccgcatcttctt -3′, and reverse: 5′-acgaccaaatccgttgactc -3′. The amplification conditions were as follows: a predenaturation step at 95 °C for 3 min, followed by 40 cycles of denaturation at 95 °C for 15 sec, annealing at 60 °C for 15 sec, and extension at 72 °C for 15 sec. The comparative threshold cycle (Ct) method, 2 -∆∆Ct , was used to calculate fold amplification.
Western blot analysis
The cells were lysed with RIPA buffer containing 50 mM Tris-HCl at pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM Na 3 Vo 4 , 1 mM NaF, and proteinase inhibitors. Proteins were separated using 8% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes (PVDF, Millipore, MA, USA). Blots were then incubated in 5% skim milk (Difco, NJ, USA) for 1 h and probed with anti-HDAC4 (Abcam, MA, USA) and anti-GAPDH (Santa Cruz Biotechnolgy, inc., TX, USA) primary antibodies for overnight, followed by incubation with a horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody. Immunoreactive proteins were detected using an enhanced chemiluminescence kit (Thermo Scientific, IL, USA).
In vitro cytotoxicity assay
To identify differences in the cytotoxicity of anticancer drugs, including cisplatin (Sigma-Aldrich Co.), gemcitabine (Lilly, Korea), paclitaxel (Bristol-Myers Squibb SRL, Italy), and 5-FU (SigmaAldrich Co.), cells were plated in 96-well plates at a density of 5ｘ10 3 cells/well. Twenty-four hours later, the cells were treated with anticancer drugs and incubated for 24, 48, and 72 hours. The surviving cells were treated with 500 µg/ml of MTT solution for 2 h, after which point the absorbencies were measured at 540 nm. The survival rate was calculated as the ratio of the absorbance of the treated wells to that of the control wells.
Microarray analysis
Biotinylated cRNA was produced according to the manufacturer's recommended protocol. Briefly, total RNA was reverse-transcribed to cDNA using T7 oligo (dT) primers, and second-strand cDNAs were synthesized through in vitro transcription and labeled with biotin-NTP. The amounts of the labeled cDNAs were quantified using an ND-1000 spectrophotometer (NanoDrop, DE, USA). For data analysis, raw data were extracted from the software provided by the manufacturer (Illumina Genome Studio v2011.1). The raw data were then filtered using a detection P value of less than 0.05 in ≥ 50% of the samples. Selected gene signal values were transformed and normalized using the logarithmic and quantile methods, respectively. Significant statistical values for the expression data were determined using fold change and the local pooled error (LPE) test. The false discovery rate (FDR) was controlled by adjusting the P values using the Benjamini Hochberg algorithm.
Functional annotation analysis of the significant probe list was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov/home.jsp).
The data discussed in this publication have been deposited in the NCBI gene expression omnibus (GEO) and are accessible through the GEO series accession number GSE42242
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42242).
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed using a ChIP assay kit (Millipore) according to the manufacturer's recommended protocol. Briefly, cells were cross-linked with 1% formaldehyde and sonicated on ice in order to fragment the chromatin. The lysates were diluted with chromatin-dilution buffer, and the soluble fractions were immunoprecipitated using anti-acetyl-histone H3 (Santa Cruz Biotechnology, inc.) at 4 °C overnight. Protein-A sepharose beads were complexed with anti-acetyl-histone H3 and washed to remove nonspecific binding. The antibody-bound chromatin was eluted using elution buffer (1% SDS and 0.1 M NaHCO 3 ). The eluted chromatin samples were treated with proteinase K at 45 °C for 1 h, and the DNA was extracted using the phenol chloroform method. Finally, PCR was performed on the eluted DNA using four primer sets that were targeted to the SMAD4 promoter region. The sequences of the primers targeting the SMAD4 promoter were as follows: P1 forward: 5′-gtggaaggaggagcagtgtc -3′, and reverse: 5′-tgtcacctttgccatacattg -3′; P2 forward: 5′-tgtgtgtttccttccccttc -3′, and reverse: 5′-tccttgcaggctacaggact -3′; P3 forward: 5′-tcctttgttccagcctcact -3′, and reverse: 5′-aaactgaaggaagatctgtcagc -3′; P4 forward: 5′-tgaaattacccggatgtggt -3′, and reverse: 5′-ctaggggagagcaggaagg -3′; and P5 forward: 5′-gctcgtgggagaatcaagtt -3′, and reverse: 5′-caaaacagaaattggctgga -3′. The PCR products were analyzed on 2% standard Tris/Acetate/EDTA (TAE) agarose gels that had been stained with GelRed TM Nucleic Acid Gel Staining solution (Biotium, CA, USA).
Statistical analyses
All graphed data are presented as the means ± standard deviation (SD). The results analyzed using analysis of variance (ANOVA) and Student's t-test. P values < 0.05 or 0.01 were considered statistically significant.
Results and discussion
HDAC4 expression affects 5-FU chemoresistance in breast cancer cells
We previously reported that HDACs expression was associated with cancer progression in metastatic MDA-MB-231 and non-metastatic MCF-7 cells. As a result, the increased expression of HDAC1, 6, (Fig. 1C, D) . Therefore, we proposed that HDAC4 expression may be associated with 5-FU chemoresistance. To test the direct relationship between HDAC4 and 5-FU resistance, we established MCF-7 cells stably overexpressing HDAC4.
MCF-7 cells with elevated HDAC4 expression were shown to be more resistant to 5-FU than control cells ( Fig. 2A, B) . Moreover, we found that HDAC4 knockdown with siRNA in HDAC4OE cells reversed 5-FU chemoresistance (Fig. 2C, D) . These observations suggested that HDAC4 participates in 5-FU chemoresistance.
Identification of significant HDAC4 overexpression-mediated alterations in the TGFβ β β β signaling pathway in MCF-7 cells
To identify differentially expressed genes in HDAC4OE cells, we performed microarray analysis in mock-transfected and HDAC4OE cells. Among the genes regulated by HDAC4 overexpression, 355 genes were shown to have significantly different expression levels (the expression of 185 genes was increased, and the expression of 170 genes was decreased) based on the criteria of a 1.5-fold difference with a P value < 0.05 (Additional file 1: Table S1 ). Hierarchical clustering analysis was performed using differentially expressed genes (Fig. 3A) . To investigate alternative pathways of differentially expressed genes, the functional gene ontology of each gene was analyzed against the DAVID. As a result, 285 genes were defined (Fig. 3B) . We identified 84 genes, including SMAD4, SMAD family member 6 (SMAD6), bone morphogenetic protein 6 (BMP6), inhibitor of DNA binding 1 (ID1), TGFβ2, and TGFβ3, involved in the TGFβ signaling pathway from the most significant cluster (P<0.01) (Fig. 3C, D) . Recently, Papageorgis et al. reported that SMAD4
inactivation induced 5-FU resistance in colon cancer [14] . Therefore, we selected SMAD4 as a candidate gene that may regulate 5-FU chemoresistance in HDAC4OE cells.
HDAC4-mediated regulation of the SMAD4 gene impacts 5-FU chemoresistance
To confirm the correlation between SMAD4 and HDAC4, the pattern of SMAD4 expression in control, HDAC4OE and MDA-MB-231 cells was characterized using qRT-PCR. SMAD4 expression was downregulated in cells in which HDAC4 was highly expressed (Fig. 4A) , and HDAC4 downregulated SMAD4 expression when HDAC4 siRNA was transduced into HDAC4OE cells (Fig.   4B ). Consequently, we hypothesized that HDAC4 may be regulated by SMAD4 expression in breast cancer cells. To investigate alterations in chemoresistance mediated by SMAD4 expression due to HDAC4 overexpression in MCF-7 cells, we performed cytotoxicity assays comparing SMAD4 knockdown and control MCF-7 cells. As a result, the cytotoxicity of 5-FU in SMAD4 knockdown cells was elevated (Fig. 4C, D) . Therefore, SMAD4 can be reliably associated with 5-FU resistance in breast cancer cells.
HDAC4 regulates SMAD4 gene expression via deacetylation of the SMAD4 promoter
To determine whether SMAD4 transcriptional repression by HDAC4 is mediated through a modification of histones in the SAMD4 promoter region, we compared the SMAD4 promoter region to the UCSC genome browser (http://genome.ucsc.edu/) and found that histone acetylation was enriched. We also identified a putative binding site for yin-yang 1 (YY1), which is known to transcriptionally repress several genes by recruiting HDAC4 [21] [22] [23] [24] (Fig. 5A) . The acetylation status of histones in defined regions of SMAD4 was investigated using ChIP assays comparing acetylation between control and HDAC4OE cells. The ChIP results clearly confirmed that acetylation of histone H3 was reduced at five regions with in the SMAD4 promoter following overexpression of HDAC4 (Fig. 5B) . Furthermore, ChIP assays using a HDAC4 antibody was unable to detect the SMAD4 band, which indicated that HDAC4 does not bind directly to the SMAD4 promoter region (data not shown).
Consequently, we hypothesized that HDAC4 may form a complex with a transcription factor bound to the SMAD4 promoter. suggested to be a prognostic indicator of tumorigenesis in breast cancer [25, 26] . The relationship between hypomodified and hypermodified histones has also been reported to be associated with mortality in prostate and lung cancers [27, 28] . In addition, we previously identified differences in HDAC expression between metastatic and non-metastatic breast cancer cells, with high HDAC expression in metastatic breast cancer cells related to invasiveness. However, despite the high expression of HDAC4, it was not shown to participate in invasion [12] . Overexpression of HDAC4
Discussion
has been reported to cause gene-induced resistance to platinum chemotherapy by modulating the acetylation of signal transducer and activator of transcription (STAT) 1 in ovarian cancer [13] . In addition, HDAC4 was shown to modulate resistance to docetaxel under hypoxic conditions and the acetylation of HIF1α in hepatoma cells [9] . Therefore, we hypothesized that HDAC4 expression was related to chemoresistance in breast cancer and sought to identify the relationship between HDAC4 expression and 5-FU resistance in breast cancer (Fig. 1B, D) . We confirmed that HDAC4 overexpression in MCF-7 cells induced 5-FU resistance, whereas HDAC4 knockdown in HDAC4OE cells restored sensitivity to the drug (Fig. 2B, D) , suggesting that HDAC4 expression induces 5-FU resistance in breast cancer.
Both the 14-3-3 sigma and JAK/STAT pathways have recently been shown to be associated with 5-FU resistance in MCF-7 cells [29, 30] . So, we profiled genes that were altered by HDAC4 overexpression because HDAC4 is known to regulate the transcription and stability of other genes and pathways related to acquired resistance through HDAC4 overexpression (Fig. 3A, B and C) . The results of our studies indicated that genes related to the TGFβ signaling pathway, including SMAD4, SMAD6, BMP6, ID1, TGFβ2, and TGFβ3, were most significantly affected by altered HDAC4 expression (Fig.   3D ). Among these genes, SMAD4 has been most commonly reported as downregulated in many cancers. Papageorgis et al. previously suggested that SMAD4 inactivation induces malignancy in colon cancer and 5-FU chemoresistance [14] . The results of a study conducted by Shi et al. indicated that reductions in SMAD4 expression promoted cell proliferation and invasion in colorectal carcinomas [31] . In addition, advanced gastric cancers display lower SMAD4 expression than early gastric cancers [32] . In breast cancer, decreased levels of SMAD4 expression was correlated with poor prognosis [33, 34] . He et al. reported that SMAD4 mRNA and protein levels were associated with poor outcome in glioma patients [35] . Interestingly, our study confirmed the HDAC4-mediated downregulation of SMAD4 in HDAC4OE cells (Fig. 4A, B) . Moreover, we verified that SMAD4 mediated 5-FU resistance in MCF-7 cells (Fig. 4C, D) . As SMAD4 has been shown to suppress tumor growth by inducing apoptosis in MCF-7 cells [36] , HDAC4-mediated regulation of SMAD4 transcriptional expression may be one of the mechanisms underlying 5-FU resistance.
Most genes develop transcriptional regulation through epigenetic modifications, such as methylation and acetylation, without alteration to their DNA sequences. For example, HDAC4 was shown to regulate histone H3 acetylation in the p21 proximal promoter in colon, ovarian cancers, and osteosarcoma cells [37, 38] . In addition, Reddy et al. suggested that HDAC4 forms a nucleosome remodeling and deacetylating (NuRD) complex in MCF-7 cells and that this complex represses tumor-suppressing gene transcription [24] . In our study, the SMAD4 promoter appeared to have reduced histone H3 acetylation following HDAC4 overexpression (Fig. 5B) , and based on these findings, we suggest that increased deacetylation of the SMAD4 promoter due to HDAC4-mediated negative regulation of SMAD4 gene expression may lead to chemoresistance (Fig. 5C ).
Conclusions
In summary, the results of our study revealed that increased HDAC4 expression induces 5-FU resistance in breast cancer cells and SMAD4 genes involved in TGF β signaling pathway downregulates by HDAC4 overexpression-mediated histone H3 deacetylation in SMAD4 promoter region. Therefore, we confident that HDAC4-mediated SMAD4 downregulation influences resistance to 5-FU in breast cancer cells. 
Additional files provided with this submission:
Additional file 1: Table S1 . List of genes that were differentially expressed following HDAC4 overexpression in MCF-7 cells. 
